Current nonviral genetic vaccine systems are less effective than viral vaccines, particularly in cancer systems where epitopes can be weakly immunogenic and antigen-presenting cell processing and presentation to T cells is down-regulated. A promising nonviral delivery method for genetic vaccines involves microencapsulation of antigen-encoding DNA, because such particles protect plasmid payloads and target them to phagocytic antigen-presenting cells. However, conventional microparticle formulations composed of poly lactic-co-glycolic acid take too long to release encapsulated payload and fail to induce high levels of target gene expression. Here, we describe a microparticle-based DNA delivery system composed of a degradable, pH-sensitive poly-␤ amino ester and poly lactic-co-glycolic acid. These formulations generate an increase of 3-5 orders of magnitude in transfection efficiency and are potent activators of dendritic cells in vitro. When used as vaccines in vivo, these microparticle formulations, unlike conventional formulations, induce antigen-specific rejection of transplanted syngenic tumor cells.
G
enetic vaccination has tremendous potential for treating or preventing numerous diseases for which traditional vaccines are ineffective but can be limited by low immunogenicity in larger animals (1, 2) . This deficiency is particularly pronounced in nonviral genetic vaccine cancer therapies where epitopes can be weakly recognized and tumors can down-regulate the ability of antigen-presenting cells (APC) to process and present antigen efficiently to T cells in an activated state (3) . Current nonviral genetic vaccine systems are not designed to activate APCs (4) and lack the gene-delivery capacity of viral vectors. In an attempt to increase the effectiveness of nonviral systems, focus has shifted toward exploring the use of adjuvants, cytokines, and self-replicating RNA systems (5) (6) (7) (8) .
A promising method for nonviral delivery of genetic vaccines is microparticulate DNA delivery systems formulated with a degradable polymer such as poly lactic-co-glycolic acid (PLGA), because these particles facilitate targeting to phagocytic APCs (4, (9) (10) (11) . Despite these advantages, even low-molecular-weight PLGA systems require up to 13 days to fully release encapsulated DNA after dendritic cell (DC) uptake in vitro (12) . This period seems excessively long given evidence that most DCs die within 7 days after activation and migration to draining lymph nodes (13) . Furthermore, PLGA microparticles can produce an extremely low pH microclimate (pH Ͻ 3.5) after only 3 days in an aqueous environment (14) . This level of acidity has been shown to severely reduce the activity of plasmid DNA (15) . PLGA microparticles also have been shown to remain confined to phagolysosomal vesicles and generate only low levels of gene expression in APCs (16) . Improvements have been made to PLGA microparticles for delivery of plasmid DNA with promising results (4, (17) (18) (19) (20) , but novel delivery strategies are still needed to advance the potency of nonviral genetic vaccines for use in the clinic.
Recently, we described the synthesis of a degradable, pHsensitive poly-␤ amino ester (PBAE) (21) and its application to microparticles capable of releasing f luorescently labeled payloads instantaneously upon pH changes in the physiological range (22) . Here we report the encapsulation of plasmid DNA within hybrid PLGA͞PBAE microparticles and demonstrate a resulting enhancement in intracellular delivery when compared with encapsulation by PLGA alone. We also report that these formulations are potent activators of primary DCs. To examine the resulting effect in vivo, we used a plasmid that contains a sequence for a fusion protein containing an octapeptide epitope (SIYRYYGL, henceforth called SIY), which associates with MHC class I (K b ) and can stimulate polyclonal CD8 ϩ T cell responses in B6 mice (23) . With this plasmid, we demonstrate the ability of hybrid PBAE͞PLGA microparticles to induce an antigen-specific rejection of SIYexpressing tumor cells in vivo, unlike conventional PLGA microparticle and naked DNA formulations.
Materials and Methods
Materials. Poly(d,l-lactic-co-glycolic acid) polymer (RG502H Resomer 50:50) was purchased from Boehringer Ingelheim (Ingelheim, Germany). PBAE was synthesized as previously reported [number average molecular weight (M n ) Ϸ 5 kDa] (22) . Plasmid DNA encoding firefly luciferase (pCMV-Luc), ␤-galactosidase, or SIY͞␤-galactosidase fusion (pCMV-SIY) were obtained from Elim Biopharmaceuticals (Hayward, CA). Dextran-conjugated tetramethyl rhodamine (M n Ϸ 70 kDa) was purchased from Molecular Probes.
Mice. C57BL͞6 (B6, H-2 K b ) mice (6-10 weeks old) were purchased from Taconic Farms.
Cells and Cell Lines. The P388D1 macrophage cell line was obtained from the American Type Culture Collection and was cultured as recommended. Leukopaks were obtained from Massachusetts General Hospital (Boston), and human peripheral mononuclear cells were isolated by adherence as described (24, 25) . Human DCs were differentiated in Iscove's modified Dulbecco's medium (GIBCO) including 1% human serum (Valley Biomedical, Winchester, VA) along with 50 ng͞ml granulocyte͞macrophage colony-stimulating factor and 20 ng͞ml IL-4 (R & D Systems). Primary bone marrow-derived DCs (BMDCs) were isolated from B6 mice and cultured as described (26) before purifying with magnetic beads (CD11c MACS, Miltenyi Biotec, Auburn, CA) (98% measured by anti-CD11c mAb in flow cytometry analysis). EL-4 murine thymoma cells (American Type Culture Collection) and a transduced, SIY-expressing EL-4 cell line were cultured in RPMI medium 1640 with 10% FCS with 1 mg͞ml G418 (GIBCO). Previous studies have indicated that the SIY-K b peptide MHC complex is expressed in the transfected EL-4 cells (27) . cells per well in six-well plates. Fluorescent microspheres were added (50 g͞ml of cell medium) and allowed to incubate for 4-6 h. Cells were then washed, fixed with 3.2% paraformaldehyde solution in PBS, and permeated by using 0.2% Triton X-100 (Sigma). Actin filaments and nuclear materials were labeled by using Alexa Fluor 488-conjugated phalloidin and Hoechst dye, respectively (Molecular Probes). Cells were imaged by using the Zeiss Axiovert fluorescent microscope with an Apochromat ϫ100 oil immersion lens, and vertical slices (0.2-m separation) were deconvoluted with OPEN-LAB software (Improvision, Lexington, MA).
Reporter Gene Transfection. A modification of the six-well plate protocol used by Hedley et al. (10) was used to determine transfection efficiency in P388D1 macrophages in a 96-well-plate format. Briefly, P388D1 macrophages were seeded at 5 ϫ 10 4 cells per well in fibronectin-coated, white, 96-well polystyrene plates and allowed to achieve 75% confluence. Medium was then replaced with a suspension of pCMV-Luc plasmid DNAcontaining microspheres in cell medium. Lipofectamine 2000 (Invitrogen) was prepared with DNA as a positive control. At several time points, wells were washed with PBS and analyzed for luciferase protein content with the Bright Glo Luciferase Assay System (Promega) and a Mithras plate reading luminometer.
Total well protein content was determined with a Micro BCA Protein Assay (Pierce) in tandem with the bioluminescence assay. After lysis of the cells (Glo Lysis Buffer, Promega), bicinchoninic acid reagents were added, the cells were incubated for 3 h at 37°C, and absorption was read at 562 nm with the Spectra Max 384 Plus multiwell plate reader (Molecular Devices). Immunization and Tumor Challenge. Mice were immunized intradermally as described in ref. 28 twice at 2-week intervals with naked pCMV-SIY plasmid (10 g); PLGA-encapsulated pCMV-SIY microspheres (10 g plasmid total); PBAE͞PLGA (15% and 25% wt͞wt PBAE) hybrid-encapsulated pCMV-SIY microspheres (10 g plasmid total); a PBS control group; PBAE͞PLGA (25% wt͞wt PBAE) microspheres with no encapsulated plasmid; and encapsulated pCMV-␤-galactosidase control groups. One week after the last immunization, mice were challenged s.c. with a lethal number (3 ϫ 10 6 ) of EL-4 cells on the right flank and an equal number of SIY-expressing EL-4 cells on the left flank. Beginning a week later, tumor size was measured with a caliper every other day in 2D for 9 days. Statistical analysis was performed by comparative ANOVA (samples to PBS-injected controls) by using a Dunnett's error confidence interval of 95%.
Supporting Information. For more details, see Figs. 6 and 7 and Movies 1 and 2, which are published as supporting information on the PNAS web site.
Results

Hybrid Polymeric Microparticles Have Properties Well Suited for
Genetic Vaccine Delivery. Plasmid DNA was encapsulated into polymeric microparticles as described in Materials and Methods. We initially fabricated hybrid PBAE͞PLGA (molecular structures shown in Fig. 1 Top and Middle, respectively) microparticles ranging from 0% to 100% PBAE to investigate the effects of PBAE content on particle physical properties and function. Formulations containing larger amounts of this cationic polymer (e.g., 35-100%) generally did not release encapsulated DNA as efficiently as those containing lesser amounts of PBAE by delaying release of DNA for several days after administration (data not shown). Formulations containing 15% and 25% PBAE showed rapid release and were Table 1 . therefore used in all subsequent studies. Scanning electron microscopy analysis of microsphere preparations reveals a smooth, spherical surface on all microsphere preparations (see supporting information), and all formulations ranged between 1 and 10 m in average diameter (Table 1) , allowing for a passive APC-targeting mechanism by phagocytosis.
Microspheres incorporating PBAE ( Fig. 1 Bottom, lanes 6 and 7) had similar or greater encapsulation efficiencies when compared with PLGA microparticles (Table 1 ) but exhibited higher supercoiled plasmid content than those prepared with PLGA alone (Fig. 1 Bottom, lane 5). Zeta potential analysis of microspheres indicated a negative surface charge on PLGA micoparticles similar to those previously reported (29) . In contrast, 15% and 25% PBAE preparations showed slightly more positive zeta potentials than PLGA formulations ( Table 1) .
Uptake of PBAE͞PLGA Microparticles by DCs in Vitro.
To examine the effects of PBAE on APC phagocytosis, primary human DCs derived from peripheral blood mononuclear cells were incubated with particle formulations containing rhodamine-conjugated dextran, fluorescently stained, and examined by visual fluorescence microscopy. 3D overhead views of treated cells are shown in Fig. 2 .
Imaging of DCs incubated for 4-5 h with PLGA and 25% PBAE particle formulations revealed substantial uptake of all microparticle formulations, even at microparticle concentrations as low as 1 g͞ml. In general, PLGA microparticles containing labeled dextran remained sharp, bright, spherical objects, as though restricted to phagosomal compartments (Fig. 2 Left) . In contrast, a population of cells treated with 25% PBAE formulations demonstrated a dimmer, diffuse fluorescent signal, suggesting release from phagosomes (Fig. 2 Right) . Microsphere formulations composed of 25% PBAE demonstrated optimal reporter gene expression, comparable to that of an optimal formulation of Lipofectamine 2000 (Fig. 3) . However, Lipofectamine required 25 times more DNA than the 25% PBAE microparticles to achieve the same level of transfection (300 ng per well vs. 12 ng per well). An optimal formulation of 25% PBAE microparticles generated Ϸ3 orders of magnitude higher transfection efficiency than an optimal formulation of PLGA (Fig. 2) , and at some time points 25% PBAE microparticles exhibited up to 5 orders of magnitude higher luciferase expression than those containing only PLGA. Fifteen percent PBAE microspheres were not as effective as 25% PBAE for- 
Fig. 2. DCs phagocytose microparticle formulations of PLGA and PBAE in vitro.
Peripheral blood mononuclear cell-derived DCs were incubated with rhodamine-conjugated dextran-encapsulated microparticles (red) for 5 h, fixed, and then stained with Hoechst dye for nucleus (blue) and phalloidin-Alexa Fluor 488 for actin (green). 3D fluorescent microscopy images indicate uptake of both PLGA microsphere formulations (Left) and 25% PBAE͞75% PLGA microsphere formulations (Right). Intracellular rhodamine signals were seen as bright, localized spheres in 100% PLGA-treated DCs (Left). In 25% PBAE microsphere-treated cells, rhodamine distributions were sometimes seen as dim and dispersed, as though in the cell cytoplasm (Right).
mulations but still maintained a significant increase of 1-3 orders of magnitude in transfection efficiency relative to PLGA microspheres at most time points (Fig. 3) . Naked plasmid DNA at concentrations equal to that administered at the maximum dosage used in Lipofectamine controls yielded no detectable expression of luciferase (data not shown). Formulation groups were compared by using ANOVA and t test analysis for significance (␣ ϭ 0.05).
PBAE-Containing Microparticles Activate Primary DCs. Primary
BMDCs were analyzed for surface expression of costimulatory molecules, CD80 (B7-1), CD86 (B7-2), CD40, and 41BB ligand (CD137L). F4͞80 surface expression was also examined to demonstrate the absence of nonspecific binding of Ab to PBAE microparticles on the surface of cells due to its characteristic down-regulation upon DC maturation (30, 31). Lipopolysaccharide (100 ng͞ml) treatment was used as a positive control. After incubation with conventional PLGA microparticle formulations, the costimulatory profile changed slightly across the spectrum (Fig. 4) . However, with 15% and 25% PBAE formulations containing plasmid DNA, the amount of F4͞80 greatly decreased and the surface expression of costimulatory molecules was markedly increased, indicating an activated, mature phenotype (Fig. 4) . Twenty-five percent PBAE formulations with no encapsulated DNA also activated the DCs but to a lower extent in CD40 and 41BBL than 25% PBAE particles that included plasmid DNA. In addition, BMDC incubated with naked plasmid DNA in quantities equivalent to the total amount of DNA in microparticles (assuming 100% loading during encapsulation and instantaneous release) demonstrated costimulatory profiles similar to that of untreated cells (Fig. 4) . Twenty-five percent PBAE formulations (dark gray) consistently performed at par to 1 log unit lower than positive controls despite using 25 times less plasmid DNA, whereas 15% PBAE formulations (light gray), although lower than the 25% formulations, consistently transfected at a higher level than PLGA microparticles (white). (23, 27) . SIYexpressing EL-4 tumor cells on the left flank grew at similar rates in mice injected with PBS controls, naked DNA, PLGA͞DNA microparticles, and blank 25% PBAE microparticle formulations. Conversely, in mice injected with formulations composed of 15% and 25% PBAE-containing pCMV-SIY, the average rate of growth of tumors expressing SIY was distinctly reduced (Fig.  5 Right) . Also, in two of the five mice in the 15% PBAE formulation group and in one of the five mice in the 25% PBAE formulation group, the SIY-expressing tumors decreased in size and completely disappeared on the days indicated (Fig. 5 Right, * ). On the right flank, control, untransfected EL4 tumors grew progressively in all groups (Fig. 5 Center) . Moreover, vaccination with a plasmid that exclusively expresses ␤-galactosidase (without the added SIY sequence) did not inhibit growth of the SIY-expressing tumor cells (data not shown).
Statistical analysis using comparative ANOVA showed that the 15% PBAE formulation was significantly different from the PBS-injected control after day 11 and that formulations containing 25% PBAE were significantly different after day 13. No other group showed significantly reduced tumor size when compared with the control group at any time point.
Discussion
Polymeric microparticles that physically encapsulate antigenencoding plasmid offer several potential benefits to genetic vaccine formulations, including protection of the encapsulated plasmid (32) and size-based adjuvancy and targeting to phagocytic APCs (9). Furthermore, unlike viral delivery, microparticle delivery systems possess the capacity to hold extremely large payloads, allowing for vaccines with multiple antigen expression constructs (multivalent) and coencapsulation of immunomodulating cytokines. Despite these advantages, current microparticle systems prepared from PLGA exhibit extremely low levels of gene expression in APCs. Although such low amounts of antigen expression may be sufficient to induce some immune responses, it is likely that increasing levels of gene expression will lead to a corresponding increase in vaccine potency. We hypothesized that the incorporation of a degradable, pH-sensitive polymer in conventional PLGA microparticle formulations would increase gene-delivery capacity by facilitating intracellular release of plasmid payload upon phagosomal acidification.
Incorporation of PBAE into the microsphere matrix did not alter the structure or loading of the particles significantly. It was possible to encapsulate relatively high quantities of supercoiled plasmid in our formulations using standard double emulsion techniques, despite previous indications that encapsulating supercoiled plasmid is difficult (33) .
We demonstrated previously that microspheres fabricated from PBAE have the ability to rapidly release contents when exposed to acidic endosomal pH (22) . Consistent with this finding, a population of DCs treated with PBAE͞PLGA microparticles exhibited internally dispersed rhodamine fluorescence (Fig. 2) , suggesting that PBAE may facilitate release from phagosomes. In a solid state, PBAE in the microparticle structure should remain mostly unprotonated (Fig. 1 Top) and subsequently absorb protons during phagosomal acidification. PBAE may thus provide a means of phagosomal escape by osmotic membrane disruption using a proton sponge-like mechanism (34) . Although the exact intracellular delivery mechanism is unclear, we observed an increase of 3-5 orders of magnitude in reporter gene transfection upon addition of PBAE to the microparticle formulations, consistent with a corresponding increase in intracellular delivery of plasmid DNA (Fig. 3) .
In addition to sufficient gene expression by APCs, upregulation of costimulatory molecules on these cells during epitope presentation is crucial to vaccine potency. Costimulatory molecules are particularly important, because, in their absence, antigen presentation by immature͞inactivated DCs may induce tolerance to that antigen (35, 36) . It was thus notable that primary BMDCs were strikingly stimulated by microparticle formulations to up-regulate expression of several costimulatory molecules (Fig. 4) . Interestingly, 25% PBAE microparticle formulations with no encapsulated DNA still activated DCs to a greater extent than PLGA microparticles but not as fully as 25% PBAE microparticles with encapsulated plasmid, suggesting that the PBAE polymer microparticle on its own can activate DCs. The mechanisms behind this effect on DCs are not clear and warrant further investigation. One possible mechanism stems from the observation by Thiele et al. (37) that the addition of cationic polymer (polyL-lysine) to the surface of polystyrene beads up-regulates CD83 on primary human DCs. This finding introduces the possibility that the increasingly positive surface charge of the cationic PBAE-containing formulations may be partially responsible for the observed effect.
To determine whether antigen-encoding plasmid DNA encapsulated within PBAE-containing microparticles can generate CD8 ϩ T cell response to a model antigen, we used an antigen expression system based on a particular peptide-MHC complex in which SIY is associated with K b , a class I MHC protein (38) . Cho et al. (23) showed that a fusion protein containing the SIY sequence can stimulate mice to produce polyclonal CD8 ϩ T cells that react specifically to the SIY-K b complex. T cells that recognize class II MHC-peptide complexes derived from the fusion protein encoded by the plasmid could have contributed to the tumor regression. Nevertheless, the responses seen were antigenspecific, reinforcing and extending in vitro evidence that microspheres containing PBAE are far more effective than those made exclusively from PLGA in their transfection ability and effect on primary DCs.
Because of their inherent adjuvancy, the PBAE-containing microparticles may be widely applicable as a platform for delivery in circumstances in which the antigen of interest is not immunogenic enough for plasmid DNA vaccination alone, as in the case of B cell malignancies or in individuals with weakened or tolerized immune capacity (40) . The presence of strong adjuvancy as a innate property of the delivery system also bypasses adverse systemic effects from using cytokines or conventional adjuvants to augment the immune reaction (8) . We are currently exploring combinations of PBAE microparticles with complementary technologies such as plasmid-encoded cytokine and immunogenic fusion constructs along with targeting moieties on the microparticle surface, which may even further enhance vaccine potency. Finally, the intracellular delivery capacity of PBAE microparticles may have implications for delivery of other drugs to APCs, such as in the case of lysosomal storage disorders, where targeted, effective delivery to macrophages could lead to enhancements in enzyme replacement therapy.
